The aim of this paper is to provide organisational knowledge management teams with a new framework for assessing the performance of communities of practice (CoPs) in terms of efficiency by analysing trends of their efficiency changes. This paper uses the data envelopment analysis (DEA) method to analyse the knowledge sharing activities in CoPs, and classify CoPs into five types based on the trend of their efficiency changes. Our data analysis of the knowledge sharing activities of 16 CoPs within one of the largest steel manufacturing companies finds that most CoPs had the increasing trend efficiency (or had maximum possible efficiency). This is mainly because the company has supported and maintained CoPs as an infrastructure for the social network among its employees. The proposed framework can provide information about the time trend inefficiency change of a CoP, and can guide decision-making to select the appropriate strategies for cultivating them.
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Introduction
Knowledge resources are critical for the successful development and maintenance of a competitive advantage in business. Knowledge can be classified into two representative types: 'explicit knowledge' and 'tacit knowledge'. Explicit knowledge can be articulated and then disseminated within an organisation in the form of documents, drawings, standard operating procedures and manuals of best practice. Therefore, many researchers and practitioners have developed knowledge management (KM) systems for storing and sharing explicit knowledge. However, management of explicit knowledge encounters practical and motivational difficulties. A worker who has specific knowledge may avoid sharing out of concern that they could thereby lose competitiveness. Tacit knowledge is essentially personal and is therefore difficult to extract from the heads of individuals.
The community of practice (CoP) has been identified and effective method to extract and disseminate tacit knowledge. A CoP is "a group of professionals informally bound to one another through exposure to a common class of problems, common pursuit of solutions, and thereby themselves embodying a store of knowledge" (Wenger, 1998) . A CoP consists of members who interact with each other to achieve a common goal. This collective social practice links individuals together across organisational boundaries, and assembles a community. A virtual CoP consists of a group of users who interact by electronic messaging. The number of virtual CoPs has grown exponentially because of the dramatic development of information technology. The use of information technology has become a natural approach to obtain and share knowledge. By utilising a virtual CoP, organisations have induced innovation learning, enhanced working efficiency and increased responsiveness. Numerous studies have used various analysis tools to investigate the benefits of the virtual CoPs, and to suggest strategies and guidelines to foster their growth.
Although performance evaluation of CoP activities yields information about the current situation and inefficient components of a CoP, research relating to performance evaluation of virtual CoPs has been limited. Most research one valuation of the performance of virtual CoPs has focused on developing performance measures. Some frameworks for assessment of a CoP exist, but they do not provide quantitative methods for assessing the current situation or for assembling a successful CoP after a performance evaluation. Therefore, we suggest a holistic and systematic method based on data envelopment analysis (DEA) for understanding and assessing the current position of virtual CoPs, and propose ways to cultivate them.
DEA is a non-parametric method to measure the relative efficiency of decisionmaking units (DMUs) with estimating production frontiers. It is widely used to analyse a production system with multiple inputs and outputs mainly because it does not require any predetermined functional relations between inputs and outputs. In particular, DEA is a linear programming model to measure the relative efficiencies of decision-making units (DMUs) (Cooper et al., 2000) allowing each DMU to choose the optimal weights of inputs and outputs which maximise its relative efficiency (Cherchye et al., 2007) . For this reason, DEA is an appropriate tool for reflecting unique characteristics and analysing trends of efficiency change of each CoP by assigning highweights to the variables in which each CoP has strength. Thus, this study adopt DEA as a main analysing tool to measure and compare the knowledge sharing activities of 16 CoPs using the efficiency score. In this study, we not only quantitatively measured efficiencies of 16 CoPs but also paid special attention to analysing the trends of their efficiency change for obtaining managerial insights to improve organisational knowledge sharing activities.
This research makes four main contributions.
1 it proposes ways to grasp the whole picture of efficiency change of a virtual CoP for obtaining insights and implications 2 it can provide a quantitative framework for improving knowledge sharing activities in a virtual CoP 3 it can guide decision-making to evaluate efficiency of a CoP and to select the appropriate strategies for cultivating it 4 It identifies critical factors for activating a CoP.
To be informed of the current status of a virtual CoP, a value that helps an organisation know the achievements of the CoP must be derived (Abran and Buglione, 2003) . We conduct a case study that uses the efficiency score to represent the current state of the CoP. Furthermore, classifying and analysing efficiency change can reveal the current status of organisational strategies for cultivating the virtual CoP. Analysis of the causes of the efficiency change at a particular time can identify the factors that succeed to cultivate a CoP, or that fail to do so. The input and output factors are critical points to activate CoP. Therefore, these factors provide the manager of a CoP with targets to improve its implementation and success.
This paper is organised as follows. Section 2 reviews previous studies related to performance evaluation of CoPs. Section 3 suggests a method to assess the performance of a CoP. Section 4 presents an application of the method to areal case study. Section 5 concludes this paper with some remarks on the limitations of this study.
Literature review

Evaluations of CoPs
Although many organisations pay special attention to diagnosing or assessing knowledge sharing activities in CoPs, there has been little research related to performance evaluation for CoPs. Research in the area of CoP performance evaluation has either attempted to develop performance measures or to develop methods to evaluate performance.
Most research on development of performance measures has suggested qualitative measures. McDermott (2002) tried to draw meaning from the measures of a CoP. Bell et al. (2012) collected data from 307 international trade firms in the Beijing area and found that internet-enabled communication between firms is directly driven by the internal CoPs and customer orientation. Lesser and Storck (2001) suggested factors that influence business performance. Dupouët and Yıldızoğlu (2006) identified the factors of CoP that influence organisational performance. Probst and Borzillo (2008) suggested the most salient reasons for the success and failure of CoPs. Jeon et al. (2011) identified and validated set of organisational factors that was anticipated to affect knowledge sharing by CoP members such as perceived consequences, affect, social factors and facilitating conditions. However, in this field, few researchers developed a specific method to capture or diagnose the current situation of a CoP.
Most research focused on a framework for assessing the performance of CoPs. Chu et al. (2007a Chu et al. ( , 2007b ) developed a framework for CoP performance assessment based on a fuzzy analytical network process (ANP). Chu and Khosla (2009) proposed a criteria decision-making method to analyse various index priorities and strategy preferences of CoPs. Cross et al. (2006) used social network analysis to identify information and knowledge flow in CoP. Verburg and Andriessen (2006) identified measurement systems based on cognitive distance for assessment of CoPs. Kim et al. (2012) suggested a diagnosis method that uses social network analysis to identify different CoP types based on their activity level: active community, spreading community, learning community and inactive community.
During the review of research related to this area, some problems and deficiencies became apparent. Some frameworks to assess CoPs have been proposed, but they do not provide the trends of strategies effect for overcoming the weak points to implement a successful CoP after the performance evaluation. Furthermore, these papers only analysed the performance at a particular time; therefore, the effect of corporate strategies for activating CoP cannot be evaluated mainly because relatively long time is required for reflecting the performance in the organisation-level perspective.
Performance evaluation of KM based on DEA
Research to evaluate the efficiency of CoPs has not been conducted. However, some research in the KM field has utilised DEA to derive an efficiency index of KM activity and service level. Lai et al. (2011) adopted DEA method to suggest the target organisation for benchmarking about a knowledge-based system (KBS), and described the design of a benchmarking framework for KBSs. Wang and Huang (2007) applied DEA to evaluate the efficiency of a particular KM process, i.e., knowledge creation in research groups; they noted that the efficiency of knowledge production is positively influenced by KM activities. Chen et al. (2009) used DEA to examine the performance of electricity distribution districts, and explored the relationship between knowledge management systems (KMSs) and variations in the efficiency of companies. The author confirmed a positive correlation between use of a KMS and variations in organisational efficiency. Kuah et al. (2012) derived a method based on input variables and output variables for assessing the success of KM.
However, most research focused only on suggesting an assessment framework. Many prior studies developed a KM performance measurement model devised based on DEA and Monte Carlo simulation to analyse stochastic data, then verified that the suggested model was accurate. Kuah et al. (2013) proposed a hybrid model based on DEA, Monte Carlo simulation and the ant colony system to assess the effectiveness of knowledge sharing. Costa (2012) assessed the efficiency and productivity of intellectual capital by evaluating the best practices that had successfully implemented strategies based on DEA and the Malmquist productivity index.
The performance evaluation is closely related to the strategic direction. Strategic suggestions must be based on performance evaluations mainly because 'what you measure is what you get'. However, these studies did not provide strategic directions. The framework described here will allow decision-makers to analyse efficiency trends and use the resulting insights to guide development of strategies to improve the efficiency of CoPs. Analysis of the causes of the change in efficiency at a particular time allows identification of factors that succeed to cultivate CoPs and those that fail to do so.
Research framework
The overall research framework ( Figure 1 ) consists of three main steps: pre-processing, efficiency analysis, and trend analysis. In the pre-processing step, the main tasks are to select input and output variables of knowledge sharing activities in the virtual CoPs and to gather time-series knowledge sharing data. In the efficiency analysis step, we conduct DEA to analyse time-series efficiency of the virtual CoPs from the data. In the trend analysis step, we examine the change of efficiencies to find implications and managerial insights which may be applied to improve knowledge sharing activities in the virtual CoPs. 
Step 1: pre-processing
In this step, we first investigate knowledge sharing activities within virtual CoPs from prior literatures. This step is necessary mainly because to select input/output variables which explain well the active level of each CoP, we should understand their specific features; for example, how actively members engage in knowledge networks of the virtual CoPs. Although the general KM process consists of capturing, storing, sharing, and using knowledge (Davenport and Prusak, 1998) , knowledge sharing only occurs voluntarily and hence cannot be forced but can only be encouraged (Gibbert and Krause, 2002, Nonaka and Konno, 1998) . For this reason, the CoP has been adopted as a supplement to a formal KMS by providing a favourable organisational climate on knowledge sharing that motivates voluntary sharing of individual's knowledge among organisational members (Chanal and Kimble, 2010; Zboralski, 2009 ).
To select well-designed input and output variables for measuring the efficiencies of CoPs, these features of CoPs must be considered. Knowledge sharing activity within CoPs is basically described by two main processes: knowledge creation and knowledge consumption. Another distinguishing feature of CoPs is that a CoP is a kind of human network among employees who like to share their own knowledge. We thus must also consider network indicators for measuring the efficiency of knowledge activities in CoPs. Moreover, although a CoP has emerged based on its self-organising and informal nature, many organisations have started to adopt CoPs as strategic tools to cultivate organisational environments in which employees are encouraged to engage in activities of CoPs. As a result, many organisations sponsor formally-formed CoPs, and increasing number of organisations is interested in assessing healthiness of CoPs and in measuring their organisational benefits to determine the appropriate sponsorships (Botkin, 1999; McDermott, 1999) . Therefore, we should focus on the amount of sponsorship estimating the efficiencies of CoPs.
After selecting input and output variables, time-series data are collected because we are interested in measuring the efficiencies of knowledge activities within CoPs and in analysing the changes of these efficiencies over time. Although any time-series data can be used for this analysis, the unit time period must be long enough (e.g., monthly, quarterly, or yearly) to observe the changes of efficiencies of CoPs.
Step 2: efficiency analysis
The main task of this step is to conduct DEA with the collected time-series CoP activity data from the previous step. The CCR model and the BCC model are two representative DEA models. The CCR model (Charnes et al., 1978) assumes that productivity exhibits constant returns to scale while the BCC model (Banker et al., 1984) is an extended version of the CCR model, and is used when productivity exhibits variable returns to scale. The output-oriented BCC model is formulated as where x ki is a numerical value of input indicator i of DMU k, y jr is a numerical value of output indicator r of DMU j, v i is a weight of input indicator i, and u r is a weight of output indicator j. The only difference between the CCR and BCC model is that the BCC model includes the free variable u 0 . In this study, we apply both the CCR model and the BCC model to the gathered data to investigate not only technical efficiency (TE) but also the pure technical efficiency (PTE) and scale efficiency (SE) separately for estimating the appropriate scale size.
From these results, we analyse the changes of efficiencies of CoPs over time. Several studies have investigated the change of efficiencies in various fields. Hwang and Chang (2003) measured the managerial performance efficiency of hotels with room, food, and beverage revenue as the output variables, and also measured their efficiency changes over a five-year period. Another recent study (Hashimoto and Haneda, 2008) used the DEA approach to examine the changes of research and development efficiency of Japanese pharmaceutical companies over a ten-year period. However, little research has been conducted to quantify the efficiency change in KM, especially in CoPs. Our study is distinguished from these in that we pay particular attention to investigating the shapes of changing efficiency trends to capture managerial insights from the results.
Step 3: trend analysis
To identify implications and to obtain managerial insights from the change of efficiencies of CoPs, we must analyse the shapes of time trends. Based on the results of DEA with time-series knowledge sharing activity data in CoPs, we can classify them into five general types of trends: flat (unchanging), increasing, decreasing, bell-shaped, and U-shaped. The flat trend implies that no significant efficiency changes occur over time while increasing and decreasing trends describe linear trend in efficiencies tend to increase/decrease over time.
The bell-shaped trend shows increasing tendency at the first but decreasing tendency at the end while the U-shaped trend is the opposite of the bell-shaped trend.
After classifying trends, we attempt to identify underlying factors that cause them. Many prior studies have investigated factors that can affect the knowledge sharing activities. Favourable attitude, encouragement by peers, and an appropriate organisational climate for knowledge sharing increase participants' intention to share knowledge (Bock et al., 2005) . Moreover, intrinsic or extrinsic rewards provided by organisations may motivate increasing participation in knowledge sharing activities by organisation members (Bartol and Srivastava, 2002; Wasko and Faraj, 2000) . The most important purpose of the analysis is to identify the causes of the trend. Thus, implication analysis about the types of trends is conducted from the perspective of possible factors that may affect CoP performance.
Case study
For our analysis, we obtained CoP activity datasets from 'company A', which is one of the largest steel manufacturing companies in the world. In 1999, company A realised the importance of KM for achieving successful innovation and recently adopted CoPs as tools for KM. The history of KM in company A can be divided into three stages. First, in 1999 First, in -2002 , company A developed a new enterprise resource planning system, called digital management information integration system, with KMS through the process innovation. Second, in 2003 Second, in -2005 , it started vigorous KM activities, such as sharing know-how and learning the best practice via KMS. During this time period, the knowledge sharing culture started to spread to the whole organisation. Third, beginning in 2006, company A adopted CoPs as a tool to share employees' knowledge and to create new knowledge. This innovative history of KM in company A is mainly related to 'Six Sigma' activity.
'Six Sigma' was originally derived from the statistical perspective that if an organisation operates quality control at the six sigma level (where sigma is one standard deviation), this is interpreted as achieving a success rate of 99.9997% or 3.4 defects per million opportunities (Kwak and Anbari, 2006) . However, this statistical meaning has been adapted to managerial or innovative philosophy. This notion is well reflected in Six Sigma definitions from several researchers. For example, Antony and Banuelas (2002) defined Six Sigma as a "business strategy used to improve business profitability, to improve the effectiveness and efficiency of all operations to meet or exceed customer's needs and expectations". Therefore, the ultimate
Step 1: pre-processing
Many previous studies that used DEA to evaluate the efficiencies with various types of DMUs adopted two representative variables as input variables: a human resource-related variable and a finance-related variable. This is not an exception in KM studies (Guan and Wang, 2004; Kuah et al., 2013 Kuah et al., , 2012 ; therefore, we selected the number of members in a CoP (human resource-related) and the amount of financial investment to support their CoP activities (finance-related) as input variables. The number of members in a CoP is a fundamental element of CoP activities mainly because the members are the principal agents for creating, consuming, and transferring knowledge; the amount of financial investment is a general indicator of provided supported by organisation. Table 1 Input and output variables
In/output Variables References
Input I 1 : number of members Guan and Wang (2004) and Kuah et al. (2013 Kuah et al. ( , 2012 I 2 : amount of investment Haythornthwaite (1996) and Müller-Prothmann (2007) To select well-designed output variables for measuring the efficiencies of CoPs From this, we should consider their features. Therefore, we selected three output variables: the number of knowledge creation, the number of knowledge consumption, and network density ( Table 1 ). The number of knowledge creation and the number of knowledge consumption are relevant because they depict how much knowledge is created (Goldoni and Oliveira, 2010; Liebowitz and Suen, 2000; Sáenz et al., 2009; Tian et al., 2009; Wen, 2009 ) and consumed (Geisler, 2007; Goldoni and Oliveira, 2010; Holtshouse, 2010 , Jafari et al., 2010 Liebowitz, 2005) in CoPs. Network density is defined as the number of edges in the knowledge network divided by the number of possible edges (De Laat et al., 2007; Haythornthwaite, 1996; Müller-Prothmann, 2007) ; it represents the number of members that are actively involved in their knowledge sharing activity. Eventually, network density represents the maturity of the organisational culture of knowledge sharing in a CoP and how closely the members are connected each other.
Based on the selected variables, the datasets extracted from the KMS database of company A contain knowledge sharing activities (Table 2 ) of members in 16 CoPs (C01-C16) from four departments: iron and steel, rolling, maintenance, and staff. To obtain reliable and representative information, we sampled four CoPs from each department from five quarter-based time periods (t = 1 to 5) to measure and analyse the changes of the efficiencies over time. 
Step 2: efficiency analysis
We obtained the TE, PTE, SE and type of return to scale (RTS) at time t = 1 to t = 5 (Table 3) . RTS can be constant, increasing, or decreasing RTS. Constant return to scale (CRS) implies that that a DMU can linearly scale the inputs and outputs without changing its efficiency while increasing return to scale (IRS) and decreasing return to scale (DRS) show increasing and decreasing trends in efficiency respectively when the magnitudes of its inputs and outputs are changed. The efficiencies of the CoPs did not change significantly between times t = 1 to 5 (Figure 2) . The efficiencies change of 82% of the CoPs was within the range from -0.2 to 0.2. In more than 60% of CoPs the absolute value of efficiency change was less than 20% compared to the previous quarter. These results show that the activities of knowledge sharing and creating did not change in this short time. Therefore, a short-term strategy for improving the efficiency of CoP cannot produce significant results. To accomplish meaningful change, a long0term strategy is necessary.
Optimised personnel and amount of support were not derived. This tells us that extracting the efficient personnel for supporting all types of CoP is not possible. The optimal amounts of support and of human resources differ according to the type of CoP. However, according to the value of SE, a CoP that has between 100 and 150 people was the most efficient in general. A CoP that has fewer than 50 people is a private community.
For further analyses, all CoPs were classified into two topics: strategic and non-strategic CoPs based on their main purposes. Among 16 CoPs, seven CoPs (C01, C02, C03, C10, C12, C14, and C16) were classified into strategic CoPs and other nine CoPs (C04, C05, C06, C07, C08, C09, C11, C13, and C15) were classified into non-strategic CoPs. Based on this classification, we found that there is no difference in efficiency corresponding to the topic classification of CoP (Table 4) .
Moreover, the eight efficiency change between the quarters is 100% or more. We attribute to the fact that empathy of interest caused the increase effect in the virtual CoP. Table 3 Results ofDEA (CCR and BCCmodel) From those analyses results, we suggest possible strategies that lead to long-term growth: leadership
• cooperation with the knowledge experts
• consulting customised conditions
• relation with performance evaluation management system and knowledge activities
• honour reward for cultivating knowledge activities
• development of learning programs and selection of the best CoP
• CoP Days for knowledge sharing.
Increase of the original work operation caused a sharp drop in efficiency. We found that the transmission and creation of knowledge dropped sharply as the work operation increased. Some strategies had a temporary effect, but the efficiency was not continuously increased. The strategies that cause bell-shaped change were:
• Systematic approach a the bearer discussion established in virtual CoP b new folder in virtual CoP c blog introduction for knowledge sharing.
Step 3: trend analysis
Considering the results of the DEA approach, the efficiency change trends of TE and PTE in each CoP are similar (Figure 2 ), although the efficiency scores from the CCR and BCC models sometimes differed; for example at t = 5, C10 had TE of 0.604 and PTE of 1.000. Thus, we conduct trend analysis with the results of DEA-CCR model. The result classified the 16 CoPs into five different types of trends by efficiency changes over time (Table 5) . C02, C06, and C14 showed flat trends; all of these CoPs had efficiency scores of one during every time period. Therefore, they are the best practices in this analysis. Interestingly, their network densities (C02: 0.116; C06:0.093; C14: 0.245) over the five time intervals were all higher than the average network density (0.064) of the 16 CoPs. We attribute this difference to the fact that maturity level of the organisational climate on knowledge sharing among members is one of key factors to improve efficiency of CoPs activity. This implication is consistent with the findings in several prior studies that demonstrated that the organisational climate has significant influences on members' intention to share their knowledge, on cooperative learning through social interactions among members, and eventually on organisational performance (Bock et al., 2005; Chen and Huang, 2007; Janz and Prasarnphanich, 2003) . C04, C07, C09, C10, C13, and C16 showed clear increasing time trends in every output variable. This group comprised about 38% of the CoPs. Only C12 showed a decreasing trend, but this trend was weak. However the trend from t = 4 to 5 was positive; this suggests that its efficiency my be starting to increase. C05, C11, and C15 present bell-shaped trends mainly because of significant drops of output values during one time period with no big change in the input variables over time. For example, in the case of C15 which shows the bell-shaped trend most clearly, all three output values declined almost by half at from t = 3 to 4; reduction rates of the number of knowledge creation, the number of knowledge consumption, and network density were 54%, 49%, and 45% respectively (63 to 29, 730 to 371, and 0.071 to 0.039). A possible explanation for this trend is temporal burnout of members due to sudden work overload. In general, the burnout phenomenon occurs when the workload on a member exceeds his/her capacity, so that he/she will do the minimum required as an information or knowledge conduit (Kwon et al., 2007) . C01, C03, and C08 showed U-shaped trends. For example, in the case of C03 which showed this trend most clearly, all three output values increased significantly: rates of the number of knowledge creation, the number of knowledge consumption, and network density were 200%, 147%, and 103% respectively. (30 to 90, 1,897 to 4,688, and 0.024 to 0.049). This temporal improvement of CoP efficiency resulted from systemic approaches to encourage CoP members to share knowledge actively. This is consistent with the findings in prior studies that extrinsic rewards provided by the organisation present temporary compliance (Wasko and Faraj, 2000) , whereas intrinsic rewards that promote feelings of competence are more appropriate for stimulating knowledge sharing activities within CoPs (Bartol and Srivastava, 2002) . Unlike the relatively temporary effect of such systemic approaches, once organisational climate favourable to knowledge sharing were established, it is maintained consistently.
The observation that most CoPs had increasing efficiency (or had maximum possible efficiency) can be explained by the attitude of company A toward CoPs. Company A has supported and maintained CoPs as an infrastructure for the social network among its employees. CoPs in company A are in the growth or adaptive stages according to the maturity model based CoP evaluation framework proposed by Lee et al. (2010) .
Conclusions
This paper has proposed a new framework for assessing efficiency and analysing efficiency change of CoP. CoP managers in enterprise can use this framework to effectively allocate the budget to maximise CoPs' efficiency. The proposed framework provides information about the current status of virtual CoPs as they develop from immature, inconsistent interactions to mature network. The proposed framework can help leaders and organisers to build CoPs in organisations systematically. The analysed efficiency trend allows managers to know the current status of enterprise strategies for cultivating vitual CoP.
This research overcomes the limitation of previous work, which is that they evaluated virtual CoPs only qualitatively. The framework provides a picture that can illustrate development strategy of the virtual CoP in the enterprise. The value of an index at a particular time can only show the current status of strategies for activating the virtual CoP. Analysing the trend of efficiency allows managers to derive efficient strategies to avoid bell-shaped efficiency curves (i.e., temporary growth) and to foster long-term efficiency increase. For example, a systematic approach was found to achieve only a temporary effect. However, the new members and leadership of CoP have long-term effects.
The proposed framework can be extended by adopting it as a strategic tool to find guidelines and directions for improving knowledge sharing activities in CoPs. Future research could address a benchmarking process based on the results of trend analysis. For example, to find ways to increase the efficiency of an inefficient CoP that shows a flat trend, we could conduct benchmarking analysis against some CoPs with increasing trend. However, if this CoP is already efficient enough, no benchmark exists. Such benchmarking analysis could guide development of more appropriate strategies to encourage knowledge activities among CoP members. Another possible future research direction is investigating the efficiency change of CoP activity using DEA/Malmquist index analysis. In particular, the following research could more specifically assess the knowledge sharing activities in CoPs with catch-up and frontier shift indices. Moreover, the results and findings from a manufacturing company (i.e., company A) may not be generalisable to companies in other industries. Thus, the proposed framework should be applied to other companies in different industries in future research. The findings of such studies would greatly help KM managers or teams intending to cultivate knowledge sharing activities.
